Background: It is hypothesized that low selenium concentrations are associated with an increased risk of cardiovascular disease and that selenium supplements prevent coronary heart disease. Objective: The objective was to perform a meta-analysis on the association of selenium biomarkers with coronary heart disease endpoints in observational studies and on the efficacy of selenium supplements in preventing coronary heart disease endpoints in randomized trials. Design: The MEDLINE and the Cochrane Library databases were searched for studies conducted from 1966 through 2005. Relative risks were pooled by using an inverse-variance weighted randomeffects model. Results: Twenty-five observational studies (14 cohort and 11 casecontrol studies) that measured blood or toenail selenium concentrations and 6 randomized trials that evaluated supplements containing selenium met our inclusion criteria. The pooled relative risk in a comparison of the highest with the lowest selenium concentration categories was 0.85 (95% CI: 0.74, 0.99) in cohort studies and 0.43 (0.29, 0.66) in case-control studies. In observational studies, a 50% increase in selenium concentrations was associated with a 24% (7%, 38%) reduction in coronary heart disease risk. In randomized trials, the pooled relative risk in a comparison of supplements containing selenium with placebo was 0.89 (0.68, 1.17). Conclusions: Selenium concentrations were inversely associated with coronary heart disease risk in observational studies. Because observational studies have provided misleading evidence for other antioxidants, the validity of this association is uncertain. Few randomized trials have addressed the cardiovascular efficacy of selenium supplementation, and their findings are still inconclusive. Evidence from large ongoing trials is needed to establish low selenium concentrations as a cardiovascular disease risk factor. Currently, selenium supplements should not be recommended for cardiovascular disease prevention.
INTRODUCTION
Selenium is an essential trace mineral involved in protection against oxidative damage via selenium-dependent glutathione peroxidases and other selenoproteins (1) . Current recommendations on dietary intake of selenium are based on optimizing the activity of plasma glutathione peroxidases (2) . The recommended dietary allowance for selenium that is estimated to be sufficient to meet the nutritional needs of nearly all healthy adults is 55 g/d (2, 3) . Plant foods, meat, and seafood are the major dietary sources of selenium, predominantly as selenomethionine and selenocysteine, but the selenium content of foods varies geographically depending on soil and water concentrations and use of selenium-containing fertilizers (4 -8) . For this reason, dietary assessment methods are inappropriate for estimating selenium exposure (6) and observational studies of selenium status are based on biomarkers such as toenail, blood, erythrocyte, or serum and plasma selenium concentrations (7) (8) (9) .
Because of its antioxidant properties, it has long been hypothesized that selenium may prevent cardiovascular and other chronic diseases. Selenium supplementation increases enzymatic antioxidant activity (10 -12) and decreases lipid peroxidation (12) (13) (14) . The effect of selenium on atherosclerotic cardiovascular disease, however, is uncertain. Observational studies (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) investigating the association of low selenium concentrations with cardiovascular outcomes and randomized trials (14, 29 -33) investigating whether selenium supplements prevent coronary heart disease have been inconclusive, but the evidence has not been appraised systematically.
The objective of the present meta-analysis was to synthesize results from observational studies of the association of selenium biomarkers with coronary heart disease endpoints and from results of clinical trials of the efficacy of selenium supplements in preventing coronary heart disease endpoints.
METHODS
We searched MEDLINE for observational studies and randomized trials investigating the relation of selenium with coronary heart disease. We used free text and the Medical Subject Headings (MeSH) terms "selenium," "selenite," "selenate," "cardiovascular disease," "Khesan disease," "myocardial infarction," "stroke," "peripheral arterial disease," and "mortality." The search period was January 1966 through March 2006; no language restrictions were added. We also searched the Cochrane Central Register of Controlled Trials and reviewed the reference lists of relevant original papers and review articles.
We aimed to identify all observational studies that assessed the association of selenium concentrations in blood or toenails with clinical coronary heart disease outcomes and all randomized trials that assessed the efficacy of selenium supplements, either alone or in combination with other vitamins or minerals, for preventing coronary heart disease ( Figure 1) . Our exclusion criteria were the following: 1) no original research (reviews, editorials, nonresearch letters); 2) studies not conducted in humans; 3) case reports or case series; 4) ecologic studies; 5) lack of data on selenium exposure; 6) studies of angiographically defined endpoints or of angina pectoris as the endpoint; 7) studies of other cardiovascular outcomes such as heart failure, stroke, peripheral arterial disease, or nonatherosclerotic heart disease; and 8) observational studies conducted in populations of patients with coronary heart disease at baseline. We additionally excluded a small autopsy-based study (21 case and 22 control subjects) that did not measure any of the standard selenium biomarkers (34) . For populations originating several reports, the publication with the longest follow-up was selected (26, 33, 35) .
Two investigators (GF-M and AN-A) independently reviewed search results and selected articles to determine eligibility and to abstract study data. They resolved discrepancies by consensus. The investigators of the original studies were contacted if relevant information on eligibility or key study data were not available in the published report. For observational studies, the criteria used by Longnecker et al (36) were adapted to assess study quality (Appendix A). For randomized trials, we used the quality criteria of Jadad et al (37) .
The a priori selected endpoint was coronary heart disease, which was defined as any combination of fatal or nonfatal coronary heart disease and myocardial infarction. Studies reporting only total cardiovascular endpoints were also included, because coronary heart disease is the major contributor to cardiovascular disease in many populations.
Statistical analysis
Observational studies and randomized trials were analyzed separately. For observational studies, measures of association (odds ratios, relative risks, or hazard ratios) and their 95% CIs were abstracted or derived by using data reported in the publications. When several measures of association were reported, we selected the measure obtained from the model with the highest number of categories for selenium exposure first and the measure adjusted for most covariates second. For studies that categorized selenium exposure, we compared the risk of coronary heart disease in the highest with the lowest selenium category. For one study that analyzed selenium only as a continuous variable (25) , we derived the relative risk associated with an increase of one SD in selenium concentrations in noncase subjects. For studies reporting only mean selenium concentrations in case and noncase subjects (16, 28, 38 -47) , we used linear discriminant function methods (48) to calculate the relative risk in a comparison of the 75th to the 25th percentiles of the selenium distribution in noncase subjects, assuming a normal distribution for selenium.
To pool relative risk estimates from individual studies, we used an inverse-variance weighted random-effects model. Heterogeneity was quantified with the I 2 statistic (49), which describes the proportion of total variation in study estimates due to FIGURE 1. Flow diagram of study selection process. CHD, coronary heart disease.
TABLE 1
Prospective cohort studies of selenium and coronary heart disease (CHD) heterogeneity. We used meta-regression to evaluate whether results were different by selenium concentrations in the reference category ( or 70 g selenium/L), study design (cohort compared with case-control), selenium biomarker (serum compared with other), outcome (mortality only compared with mortality or morbidity outcomes), or country (European compared with other). Because study design was the only significant determinant of heterogeneity, we separated the analyses for prospective cohort and case-control studies.
For observational studies that reported ͧ3 categories of exposure, we additionally conducted a random-effects doseresponse meta-analysis using the methods of Greenland and Longnecker (50) . Because selenium concentrations in the reference categories differed across studies, study-specific results were pooled in terms of relative changes in selenium concentrations with respect to the reference category. We evaluated departures from the linear trend by testing for a quadratic term in the dose-response meta-analysis (50) .
Clinical trials were analyzed according to the intention-totreat principle. We computed relative risks and 95% CIs of coronary heart disease in a comparison of participants assigned to supplements containing selenium with those assigned to control supplements. We used an inverse-variance weighted randomeffects model to pool relative risk estimates.
For both observational studies and clinical trials, we assessed the relative influence of each study on pooled estimates by omitting one study at a time. Finally, we assessed publication bias using funnel plots (51) . Statistical analyses were conducted with Stata version 8 (STATA Corp, College Station, TX) and with S-PLUS version 7 (Insightful Corporation, Seattle, WA).
RESULTS

Meta-analysis of observational studies
Fourteen prospective cohort studies (15-28) ( Table 1 ) and 11 case-control studies (38, 40 -47, 52, 53) (Table 2 ) met our inclusion criteria (Figure 1 ). The studies were published between 1982 and 2005. Most studies, except 4 (23, 26, 27, 52), were performed in Europe. The number of case subjects varied between 22 (28) and 683 (53) . One cohort study (28) and 7 case-control studies (38, 40, (43) (44) (45) (46) (47) did not control for potential confounders. Cohort studies tended to fulfill prespecified quality criteria, whereas case-control studies varied widely (Appendix 1).
Except for 3 cohort (21, 23, 24) and 2 case-control (44, 47) studies, most studies found an inverse association of selenium with the risk of coronary heart disease ( Figure 2) . The pooled relative risk in a comparison of the highest to the lowest category of selenium concentration was 0.85 in cohort studies (95% CI: 0.74, 0.99; P for heterogeneity ҃ 0.33; I 2 ҃ 5%) and 0.43 in case-control studies (95% CI: 0.29, 0.66; P for heterogeneity 0.001; I 2 ҃ 88%). Other sources of heterogeneity investigated, including the influence of selenium concentrations of the reference category, were minor and not statistically significant. Specifically, we used a meta-regression model to evaluate whether the relative risk of coronary heart disease in a comparison of the highest and lowest categories of selenium exposure were similar in studies with plasma or serum selenium concentrations in the reference category or 70 g/L. The relative risks in both types of studies were similar and the difference was not statistically significant (difference in log relative risk: 0.07; 95% CI: Ҁ0.51, 0.64; P ҃ 0.82).
In sensitivity analyses, exclusion of individual studies did not modify the estimates substantially, with pooled relative risks ranging from 0.78 to 0.90 in cohort studies and from 0.41 to 0.59 in case-control studies. Funnel plots did not suggest the presence of publication or related biases (not shown).
For studies with ͧ3 selenium categories, the dose-response meta-analysis showed a decreasing trend of coronary heart disease risk with increasing selenium concentrations (Figure 3) . The pooled relative risk associated with a 50% increase in selenium concentrations was 0.76 (95% CI: 0.62, 0.93; P for heterogeneity ҃ 0.06). Adding a quadratic term to the model did not significantly improve model fit (P ҃ 0.64).
Meta-analysis of randomized trials
Six trials (14, 29 -33) , published between 1989 and 2004, met our inclusion criteria ( Table 3) . These trials randomly assigned a total of 17 766 participants. Four trials used selenium combined with other vitamins or minerals (14, 30, 32, 54) , and 2 trials used selenium alone (29, 33) 33) . Only one trial used selenite (30) , whereas 3 trials used selenium yeast (29, 32, 33) . In 2 trials, the form of selenium was not specified. All trials were placebo-controlled, and all except one (30) were double-blinded. The length of follow-up ranged from 0.5 to 7.6 y.
The pooled relative risk in a comparison of selenium supplementation to placebo across all trials was 0.89 (95% CI: 0.68, 1.17; P for heterogeneity ҃ 0.22; I 2 ҃ 40%) (Figure 4) . Exclusion of any individual trial did not substantially change the overall pooled relative risk estimates, which ranged from 0.63 to 0.92.
DISCUSSION
In the present meta-analysis, we identified a moderate but statistically significant inverse association between selenium concentrations in several tissues and coronary heart disease outcomes in observational studies. A 50% increase in selenium concentrations was associated with a 24% reduced risk of coronary events. The validity of this association, however, is uncertain, because observational studies have been unreliable in determining the cardiovascular effects of other antioxidants and vitamins, such as ␤-carotene, vitamin E, and folate (55) . Few randomized controlled trials have addressed the effect of selenium supplementation on clinical endpoints. In these trials, participants taking supplements containing selenium had a nonsignificant 11% reduction in coronary events, but the trials were small and selenium was given in combination with other vitamins or minerals in all but 2 trials. Overall, the evidence is still inadequate to establish a protective role of selenium in coronary heart disease.
Biological plausibility
Selenium, a constituent of selenoproteins as selenocysteine, has important antioxidant properties (1, 56, 57) . Selenoproteins with antioxidant functions include glutathione peroxidases, which reduce hydrogen peroxide and lipid and phospholipid hydroperoxides; thioredoxin reductases, which help regenerate antioxidant systems and maintain the intracellular redox status (1); and selenoprotein P, which may protect endothelial cells Measured in g/L, unless otherwise specified. 
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against peroxynitrite and lipid peroxidation (58, 59) . In selenium-deficient humans, selenium supplementation increases enzymatic antioxidant activity (10 -12, 60) and decreases lipid peroxidation (12) (13) (14) . In addition, selenium may reduce the production of inflammatory prostaglandins and leukotrienes by neutralizing peroxide intermediates (1). Low selenium concentrations may also increase cardiovascular disease risk through other mechanisms. By shifting prostaglandin synthesis from prostacyclin to thromboxane, low selenium may increase platelet aggregability and vasoconstriction (1, 56, 61) . Randomized trials of selenium supplementation on platelet function, blood pressure levels, and lipid profile, however, have been contradictory (12, 14, 62, 63) . Finally, selenium may protect the cardiovascular system from toxic metals that have been implicated in atherogenesis, such as mercury, cadmium, and arsenic, by preventing metal-induced oxidative damage or by forming inactive complexes with metals (56, 64, 65) .
Selenium supplementation decreased the incidence of Keshan disease, a congestive cardiomiopathy that mostly affects children and young women in some selenium-poor areas of China (1, 66) . However, whether selenium deficiency results in increased atherosclerosis is unclear (1, 56, 67) .
Low selenium concentration as a cardiovascular disease risk factor
Biomarkers of selenium, such as toenail, blood, erythrocyte, and serum or plasma selenium concentrations (7) (8) (9) , have all been shown to reflect selenium exposure (7, 8) . However, the interpretation of biomarkers is complex because selenium concentrations depend not only on exposure, but also on the form of selenium intake, on selenium metabolism, and on pathophysiological responses to conditions associated with increased oxidative stress or inflammation. Consequently, although selenium concentrations are correlated with intake, the comparability of FIGURE 2. Meta-analysis of the association of selenium with coronary heart disease in observational studies. Studies are divided by study design (cohort or case-control) and by selenium biomarker (serum, toenail, erythrocyte, or whole blood). Relative risks (RRs) correspond to comparisons of extreme categories of exposure within each study. The area of each square is proportional to the inverse of the variance of the log RR. Horizontal lines represent 95% CIs. Diamonds represent pooled estimates from inverse-variance weighted random-effects models. For case-control studies with multiple biomarkers, we used the biomarker with the longest half-life (toenail whole blood and erythrocyte serum) to measure the overall RR. Ca, case subjects; NC, noncase subjects; DM, diabetes mellitus; HT, hypertension; SES, socioeconomic status; Hb, hemoglobin. ■ Indicates categories that were adjusted for; ᮀ indicates categories that were not adjusted for. different biomarker concentrations observed in different studies is uncertain. In addition, selenium in blood and other tissues is present as selenocysteine in selenoproteins, which are maximized at plasma selenium concentrations between 70 and 90 g/L, and as selenomethionine in proteins that contain methionine, with no apparent maximum concentration (68, 69) . As a result, high selenium concentrations may reflect selenomethionine incorporated nonspecifically in proteins instead of methionine and may thus be considered primarily a marker of high dietary intake of plant-derived foods grown in selenium-rich soils. None of the observational studies included in the present review provided information on the selenium content of plantderived foods or other food items. In addition, selenomethionine and selenium yeast supplements also increase seleniomethionine concentrations without increasing selenoprotein activity in populations with adequate selenium intakes (70) . In most observational studies included in this meta-analysis, serum and wholeblood selenium concentrations in the highest category of exposure were 80 g selenium/L. In some studies, the cutoff for the reference category was also 80 g selenium/L (19 -21, 23, 42, 43) .
The prospective cohort studies summarized in the present meta-analysis show, in the aggregate, a moderate inverse association between selenium concentrations and coronary heart disease endpoints. This inverse association appeared to be linear throughout the range of selenium concentrations and was observed in populations from different countries with different baseline selenium concentrations. In our dose-response metaanalysis, we estimated that a 50% increase in selenium concentrations was associated with a 24% decreased risk of coronary heart disease. In trials, a dose of 100 g selenium/d increased blood selenium from 82 to 122 g/L (a 49% increase) (29) , whereas a dose of 200 g/d increased blood selenium from 67 to 190 g/L (a 184% increase) (71) . Most trials in our meta-analysis used doses of ͧ100 g selenium/d, yet the overall reduction in coronary heart disease was only 11%. Thus, observational studies may also overestimate the association between selenium and coronary heart disease.
The different characteristics of subjects receiving high and low selenium diets or selenium supplements, factors affecting selenium concentrations, residual confounding by socioeconomic status, education, or other cardiovascular risk factors, and selective publication of studies that show an inverse association could contribute to create the inverse association observed between selenium concentrations and coronary heart disease. A better understanding of the determinants of selenium intake and selenium concentrations is needed before low selenium concentrations can be established as a cardiovascular risk factor on the basis of observational evidence.
Is the use of selenium supplements justified for cardiovascular disease prevention?
The difficulties in interpreting the findings of observational studies of antioxidants and coronary endpoints highlight the need FIGURE 3. Dose-response meta-analysis of selenium and coronary heart disease in observational studies (shown by first author and year of publication). The pooled linear risk trend (thick solid line) and its 95% CI (dashed lines) were obtained by a random-effects dose-response meta-analysis. Circles are inversely proportional to the variance of log relative risks.
TABLE 3
Randomized trials of selenium supplementation and risk of coronary heart disease (CHD) Quality score based on criteria by Jadad et al (37) . Score ranges from 0 (lowest quality) to 5 (highest quality).
for randomized evidence. However, the small number of selenium trials and their relatively small sample size resulted in wide CIs; therefore, beneficial or harmful cardiovascular effects could not be ruled out. In addition, selenium was often used in combination with other vitamins or minerals, which makes it impossible to isolate the specific effects of selenium or of different selenium forms in those trials. Several trials of selenium supplementation conducted in Chinese populations with low intakes of a variety of vitamins and minerals, including selenium, could not be included in this metaanalysis. Three of these trials reported only cancer outcomes (72) (73) (74) . Two other trials conducted in Linxian, China, reported cerebrovascular disease but not coronary heart disease or total cardiovascular disease. In these trials, the relative risks of cerebrovascular disease mortality in a comparison of participants receiving 50 g selenium/d in combination with vitamin E and ␤-carotene with participants receiving placebo were 0.90 (95% CI: 0.76, 1.07) in healthy participants (75) and 0.62 (0.37, 1.06) in participants with esophageal dysplasia at baseline (76) . The relevance of these findings to the effects of selenium in coronary heart disease prevention in Western populations is uncertain. Finally, a randomized trial conducted in institutionalized elderly patients in France evaluated the efficacy of 100 g selenium/d in combination with zinc in improving immune function and lowering the rate of infections (77) . Although coronary heart disease endpoints were not available, the relative risk of total mortality after a 2-y follow-up in participants receiving selenium supplements compared with those receiving placebo was 1.14 (95% CI: 0.91, 1.37).
In conclusion, observational studies showed an inverse association between selenium concentrations and coronary heart disease incidence, but the validity of this evidence is uncertain. Randomized trials, on the other hand, are still inconclusive with respect to the effect of selenium supplementation. The ongoing Selenium and Vitamin E Cancer Prevention Trial, a placebo controlled trial that is testing the effects of 200 g selenium/d in 32 400 men in the United States and Canada (78), will provide more definitive evidence. The results of this trial are scheduled to appear in 2013. Until then, the observational evidence that low selenium concentrations are a cardiovascular risk factor should be treated as suggestive but not definitive. Furthermore, the public should be warned against the use of selenium supplements for cardiovascular disease prevention. The benefits of selenium supplementation are uncertain, and their indiscriminate use carries a risk of toxicity.
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